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Increasingly, the success of management interventions aimed at biodiversity conservation are viewed as
being dependent on the ‘resilience’ of the system. Although the term ‘resilience’ is increasingly used by
policy makers and environmental managers, the concept of ‘resilience’ remains vague, varied and difficult
to quantify. Here we clarify what this concept means from an ecological perspective, and how it can be
measured and applied to ecosystem management. We argue that thresholds of disturbance are central to
measuring resilience. Thresholds are important because they offer a means to quantify how much distur-
bance an ecosystem can absorb before switching to another state, and so indicate whether intervention
might be necessary to promote the recovery of the pre-disturbance state. We distinguish between helpful
resilience, where resilience helps recovery, and unhelpful resilience where it does not, signalling the pres-
ence of a threshold and the need for intervention. Data to determine thresholds are not always available
and so we consider the potential for indices of functional diversity to act as proxy measures of resilience.
We also consider the contributions of connectivity and scale to resilience and how to incorporate these
factors into management. We argue that linking thresholds to functional diversity indices may improve
our ability to predict the resilience of ecosystems to future, potentially novel, disturbances according to
their spatial and temporal scales of influence. Throughout, we provide guidance for the application of the
resilience concept to ecosystem management. In doing so, we confirm its usefulness for improving bio-
diversity conservation in our rapidly changing world.

� 2014 Elsevier Ltd. All rights reserved.
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1. Introduction

Resilience is a term used in a wide array of contexts, from
human health and psychology through sociology to materials sci-
ence and, of course, ecology and conservation biology. Resilience
was introduced to the ecological literature with a lucid definition
regarding the persistence of relationships within an ecosystem
after disturbance, and is a measure of the ability of ecosystems
to absorb changes of state variables, driving variables, and param-
eters, and still persist (Holling, 1973; Table 1). By this definition,
resilience is of great importance for ecosystem management
because it helps to predict ‘recovery’ after disturbance (Table 1).
Despite this historically clear and straight-forward definition, the
concept has, over the years, become increasingly vague, often used
as a hook to attract an audience rather than being a truly meaning-
ful concept driving research or informing ecosystem management
(Brand and Jax, 2007; Myers-Smith et al., 2012). Yet, in spite of
conceptual vagueness, its intuitive appeal is evident in its wide-
spread adoption in policy and management documents (e.g.,
Benson and Garmestani, 2011). In this context, resilience is seen
as an ecosystem property important for maintaining desired eco-
system states (Gunderson et al., 2010; Walker and Salt, 2012).
However, more clarity around the concept is needed in order to
meaningfully apply it in a management context (Beisner, 2012).

Two of the most highly cited papers in the ecological literature
on resilience define the term differently. Holling (1973), as above,
describes resilience as the capacity of an ecosystem to tolerate dis-
turbance without switching to a qualitatively different state that is
controlled by a different set of processes. Pimm (1984), however,
defines it in terms of the time taken to return to the pre-distur-
bance state. These different forms of resilience are often referred
to as ecological and engineering resilience, respectively
(Gunderson et al., 2010), although usage is not consistent either
y of key concepts.

ept Definition

urbance Any process that effects ecosystem, community, or population st
changes to the biophysical conditions (Hobbs and Huenneke, 199
referred to as ‘pulse’ and ‘press’ disturbances respectively (Bende

tional
iversity

The value and range of functional traits of the organisms present
response to the environment and/or its effects on ecosystem func
used to calculate functional diversity include body size, dispersal
response diversity and functional redundancy (refer to text for d

ful
silience

Resilience that helps to maintain a pre-disturbance ecosystem sta
with helpful resilience mirrors the post-disturbance trajectory (i.e
et al., 2003; Suding and Hobbs, 2009)

very The time taken for an ecosystem to return to its pre-disturbance

lience The ability of an ecosystem to absorb changes of state variables,
1973). Also referred to as ‘ecological resilience’ or ‘Holling’s resili
disturbance associated with a switch between states (i.e., the thre
ecosystem attributes such as species composition)

stance Degree to which a variable is changed following a disturbance (P
variables (e.g., species composition) before and after disturbance.

shold Point at which a small change environmental conditions, associa
Hobbs, 2009)

elpful
silience

Resilience that helps to maintain an ecosystem in a degraded stat
of the historic pre-disturbance state due to the presence of a thre
in policy or the ecological literature. For example, ecological liter-
ature on coral reef resilience to disturbance defines resilience in
terms of recovery time (i.e., engineering resilience; Hoegh-
Guldberg et al., 2007), ecological resilience (Hughes et al., 2007)
and more recently, defines resilience as a two part process of ‘resis-
tance’ and ‘recovery’ (Côté and Darling, 2010; McClanahan et al.,
2012). Here, we refer to Holling’s definition as ‘resilience’ and
Pimm’s definition as ‘recovery’, to reduce confusion about these
important concepts.

In a management context, the most pressing questions concern-
ing resilience are these—how much disturbance can an ecosystem
absorb before switching to another state? Where is the threshold
associated with the switch between ecosystem states? And will
ecosystems recover from disturbance without intervention? Both
resilience and recovery are important for answering these ques-
tions. If assessed quantitatively, resilience should help managers
decide whether or not intervention will be required to push a sys-
tem back towards the pre-disturbance state. Equally, assessments
of recovery that are context specific (i.e., of a particular ecosystem
to a particular disturbance) could be used to predict a time-frame
for the return of a pre-disturbance state.

Here, we focus on resilience in the context of managing and pre-
dicting return to a pre-disturbance state, or a state that is similar to
the pre-disturbance state in terms of species composition and/or
function, because these states are often desirable from a manage-
ment perspective (Ruiz-Jaen and Aide, 2005; Hallett et al., 2013).
First, we discuss how to measure resilience to disturbance as
defined by Holling (1973). Second, we distinguish between situa-
tions in which resilience of an ecosystem can be used to achieve
return to a pre-disturbance state (helpful resilience) and situations
in which resilience might impede the achievement of this goal
(unhelpful resilience). Third, we review the factors likely to con-
tribute to resilience. Finally, we consider the options for manage-
ructure, and/or individuals within a population either directly or indirectly via
2 and references within). Short-term and longer-term disturbances are often
r et al., 1984) or ‘acute’ and ‘chronic’ disturbances (Connell, 1997)

in an ecosystem (Tilman, 2001). Functional traits determine an organism’s
tioning (Díaz and Cabido, 2001). Examples of individual functional traits that are
characteristics, reproductive phenology, seed mass, etc. Units of measurement:

etails)

te so that it does not cross a threshold. The trajectory of recovery for ecosystems
., hysteresis is not evident, the ‘return’ and ‘outward’ trajectories match; Beisner

state after a disturbance (Pimm, 1984). Units of measurement: time

driving variables, and parameters, that is, to persist after disturbance (Holling,
ence’ and often confused with ‘resistance’. Units of measurement: intensity of
shold; Connell and Sousa, 1983) coupled with data to document the switch (e.g.,

imm, 1984). Units of measurement: measure of one or more ecosystem state
Measuring resistance does not require knowledge of system specific thresholds

ted with disturbance, leads to a switch between ecosystem states (Suding and

e following a disturbance. Requires management intervention to assist the return
shold. May be associated with hysteresis
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ment and predicting resilience to future (potentially novel) distur-
bances. Resilience is the focus but recovery is discussed too, in the
context of time scales for management.

2. Measuring resilience: the importance of thresholds

Making the concept of resilience operational to management
requires finding ways to quantitatively measure it. The approach
to measurement that is consistent with Holling’s definition involves
determining the location of thresholds of disturbance associated
with ecosystem change (Suding and Hobbs, 2009; Table 1). Interest-
ingly, the threshold concept is usually allied with resilience in the
literature, whichever resilience definition is adopted, reflecting a
clear general understanding of the threshold concept and consensus
as to its importance for measuring resilience (e.g., Suding and
Hobbs, 2009; Côté and Darling, 2010; McClanahan et al., 2011;
Walker and Salt, 2012). Locating thresholds requires experimental
or observational data on disturbances associated with switches
between ecosystem states, and if possible, information on whether
the recovery pathway is likely to be the same or different to the
pathway that led to the switch. The former situation can signal
reversible change whereas the latter may indicate irreversible
change (i.e., hysteresis; Suding and Hobbs, 2009). Ultimately, iden-
tifying indicators of an impending threshold would allow time for
intervention to prevent a switch to an undesirable ecosystem state,
though few such indicators exist for the complex ecosystems found
in nature (Biggs et al., 2009; Scheffer et al., 2012).

Experimental tests of resilience can involve applying discrete
(i.e., in time and space) disturbances of increasing intensity to
identify the intensity of disturbance required to switch ecosystems
between alternative states (i.e., the threshold; Connell and Sousa,
1983). Such an experimental approach has been used to identify
the threshold in abundances of top predators in a freshwater lake
associated with a switch from a food web dominated by planktiv-
orous fishes to one dominated by piscivorous fishes (Carpenter
et al., 2011). Similarly, broad-scale observational and experimental
data were used to locate the threshold in simulated ice-scour dis-
turbance associated with a switch from rock weed stands to mus-
sel beds in intertidal marine ecosystems (Petraitis et al., 2009).
More recently, experimental data on juniper mortality coupled
with models of fire ecology and fire physics were used to locate
the threshold in fire intensity associated with the encroachment
of woody juniper into grasslands (Twidwell et al., 2013). Beyond
these few examples, experimental tests of thresholds associated
with disturbances are rare, particularly for terrestrial ecosystems.

Experimental tests of resilience are rare, at least in part, because
of simple logistical reasons. In particular, the requirement for
experimentally simulated disturbances to be of a similar spatial
extent to natural disturbances precludes experimentally identify-
ing thresholds for many pulse disturbances (e.g., logging, invasion
fronts, changes in hydrology, etc.) let alone long-term and large-
scale press disturbances such as climate change (Connell and
Sousa, 1983; Table 1). Additionally, the need to track recovery time
beyond average generation times (Connell and Sousa, 1983) largely
inhibits the study of communities of slow-growing, long-lived
organisms, such as forests and deep-sea communities. Therefore,
experimental data are likely to be skewed towards the measure-
ment of responses of short-lived organisms to small-scale pulse
disturbances in microcosms (Standish, Shackelford and Hobbs,
unpublished data). Given these practical limitations of manipula-
tive experiments, we need a different approach to measuring the
resilience of ecosystems to the global changes that currently threa-
ten their persistence (Sala et al., 2000).

Observational data can be used to identify thresholds by retro-
spective analysis of disturbances associated with observed
switches between ecosystem states. This approach, though correl-
ative in nature, can be used to assess resilience to both press and
pulse disturbance. For example, van der Heide et al. (2007) used
historical maps of seagrass beds and a long-term data set of water
quality to estimate the level of turbidity associated with the switch
from a seagrass-dominated state to a bare state that occurred in
the Dutch Wadden Sea in the 1930s. In another example,
Blarquez and Carcaillet (2010) reconstructed fire histories and veg-
etation dynamics of subalpine ecosystems using charcoal and plant
macro-remains present in 8000-year old lake sediments to esti-
mate the fire frequency associated with a switch between ecosys-
tem states dominated by fire-sensitive and fire-tolerant species.
These retrospective analyses helped to identify potential manage-
ment interventions for seagrass recovery and the likely conse-
quences of projected increases in fire frequency on contemporary
subalpine ecosystems. A disadvantage of this approach is that it
is retrospective and thus cannot be used to predict resilience to
unmeasured or novel disturbances.

Often managers are faced with making decisions in the absence
of any experimental data on thresholds of disturbance. In these
cases, a potential approach involves assessing ecosystem dynamics
after the removal of a disturbance whereby the lack of return of the
pre-disturbance state might indicate the presence of a threshold.
This approach cannot identify where the threshold lies but it can
provide information about which types of intervention are insuffi-
cient to switch the ecosystem back to the pre-disturbance state.
For example, the persistence of a degraded post-disturbance vege-
tation state after the removal of livestock has been used to infer the
presence of thresholds associated with livestock grazing (Westoby
et al., 1989; for other examples refer to the thresholds database
published by the Resilience Alliance and Santa Fe Institute
(2004)). Recovery assessments can be informative in this context
because they can help to judge whether the time that has elapsed
since the removal of the disturbance is approaching that of recov-
ery for similar ecosystems and disturbance types, and therefore
whether the return of the pre-disturbance state is potentially
imminent. Thus, while recovery assessments and/or observations
of ecosystem dynamics after the removal of disturbance do not
provide definitive evidence for the existence of a threshold (or a
quantitative measure of resilience), these assessments can signal
the requirement for management interventions to assist the return
of the pre-disturbance state.
3. Helpful and unhelpful resilience

Though resilience is used almost uniformly in the management
literature to refer the ability of an ecosystem to resist transition to
an alternative state or recover without intervention, resilience is, in
reality a positive or a negative property of ecosystems depending
on their state of degradation (Fig. 1). Indeed, ecosystem states that
have been degraded by human activities can have the same, or
even greater, levels of resilience to disturbance compared with less
degraded ecosystems (e.g., Troell and Pihl, 2005; Côté and Darling,
2010; Gunderson et al., 2010). Here, we introduce the term
‘unhelpful resilience’ to describe these cases where degraded or
altered ecosystems do not return to the historic pre-disturbance
state without assistance (Table 1). In contrast, the (unassisted)
return of a pre-disturbance state indicates the presence of ‘helpful
resilience’—as the threshold has not been crossed and thus man-
agement intervention is not required (Table 1). Given the current
focus on resilience as a beneficial property of ecosystems, it is
important to emphasise that resilience is not always desirable from
a management perspective. Thus, when identifying approaches to
quantifying thresholds of disturbance, it is important to consider
whether or not helpful or unhelpful resilience might affect the
options for management. Specifically, degraded ecosystems may
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Fig. 1. Theoretical expectations for how disturbance may force a switch between two ecosystem states (depicted as balls) (a). One state is degraded (white-filled ball) and one
is not (black-filled ball), which represents the pre-disturbance or desirable state. The resilience of the states to disturbance is proportional to the width and depth of the cups.
Lake Toolibin (b) is a wetland in the wheatbelt of Western Australia which is threatened by salinization (Wallace, 2003). Lake Toolibin represents the black-filled ball in panel
(a), apparently resilient, but threatened by saline inundation. Lake Taarblen (c) is an adjacent lake affected by salinization in the 1950s, which resulted in the death of all the
canopy trees and the development of a low, relatively uniform cover of halophytes. The process of salinization arises in these landscapes from a hydrological imbalance
caused by extensive vegetation clearing and subsequent rise of saline water tables (Cramer and Hobbs, 2002). Lake Taarblen represents the white-filled ball in panel (a),
unhelpfully resilient. Lake Taarblen has undergone a state change and cannot be returned to its former state without unrealistically extensive and expensive intervention.
Conversely, management of Lake Toolibin to maintain its condition, despite ongoing broad-scale drivers pushing it towards the degraded state, includes electric pumps to
divert saline water around the lake (local action) and the planting of perennial vegetation to lower groundwater levels (landscape-scale actions; George et al., 2005; Wallace,
2003). Panels (d and e) are desirable and degraded ecosystems states of semiarid grassland in south-western New Mexico (Bestelmeyer et al., 2011, 2013; refer to text for
details). Panels (f and g) are the desirable and degraded ecosystem states of restinga flooded forests in Rio Grande do Sul, Brazil. These coastal forests (f) have been heavily
degraded by deforestation, livestock grazing and changes in hydrology associated with agricultural production and urbanization. Panel (g) depicts the result of these drivers
of change: resilient semi-managed swampy grasslands. Photo credits: M.M. Mayfield (b, f and g); R.J. Hobbs (c); B.T. Bestelmeyer (d and e).
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require complex, and often prolonged, intervention to rebuild the
ecological interactions that are required for return of the pre-dis-
turbance state and ultimately, the return of helpful resilience
(Fig. 2).
There are other reasons why the distinction between helpful
and unhelpful resilience could be important for ecosystem man-
agement. First, the distinction is a reminder that resilience is a
means of, rather than an end to, management. Most often, the goal
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Fig. 2. An expanded version of Fig. 1 illustrating the possible spectrum of
ecosystem states, their likely responses to disturbance (i.e., decline or recovery),
and the corresponding options for their management. Note that pathways of
decline and recovery can differ in the case of hysteresis (Suding and Hobbs, 2009)
and this figure presents representative pathways only. Ecosystem attributes can
indicate whether the state is desirable (i.e., historic pre-disturbance) or degraded,
and experimental or observational data can indicate the presence of thresholds
(upright dashed lines).
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of management is to maintain a system in a particular state or to
return it to that state—not simply to create a resilient ecosystem
without reference to this goal (Ruiz-Jaen and Aide, 2005; Hallett
et al., 2013). Understanding whether or not resilience is acting in
a helpful or unhelpful capacity is likely to assist efforts to achieve
management goals based on the return of the pre-disturbance
state. This understanding remains relevant even if there is a shift
away from strict use of the pre-disturbance state as the reference
for management goals (Hobbs et al., 2010). In particular, the goal
for disturbance-driven ecosystems may be the maintenance of pro-
cesses that promote ecosystem recovery after disturbance
(DeAngelis and Waterhouse, 1987). Additionally, distinguishing
between helpful and unhelpful resilience may aid a more accurate
estimation of the financial cost of restoring pre-disturbance eco-
system states, leading to a better understanding of the likely
returns on investment or again, perhaps a re-valuation of the
pre-disturbance state as the management goal. Lastly, society
may be over-emphasizing the loss of (helpful) resilience and ignor-
ing the importance of unhelpful resilience in preventing goals from
being reached.
4. Predicting and managing resilience to disturbance

As we discussed earlier, thresholds of disturbance are important
for measuring resilience but ultimately, managers need to be able
to measure and predict ecosystem resilience to current as well as
to future, potentially novel, disturbances. Thresholds are likely to
move as ecosystems evolve, particularly in response to ongoing
global changes, which makes it difficult to predict the location of
thresholds to future disturbances, especially if these disturbances
are novel. Therefore, we need additional or proxy measures of
resilience to disturbance.

Contributing to the difficulty in measuring and predicting resil-
ience is the complex interplay of ecological, geographical, local
environmental and large-scale environmental factors involved in
ecosystem responses to disturbance. For instance, population turn-
over times, connectivity, and the scale and intensity of disturbance
are just a few of the factors likely to be important for determining
resilience and specifically, the trajectory and speed of return fol-
lowing disturbance (Connell and Sousa, 1983; van Nes and
Scheffer, 2005; Thrush et al., 2008). Though we have a long way
to go before we understand all of these complexities, in this section
we consider the contribution of functional diversity, connectivity,
and scale to resilience. We are primarily interested in predicting
and managing helpful resilience, which we simply term resilience
as per the common usage.

4.1. Functional diversity

Increasingly, trait-based approaches are recognised for improv-
ing our understanding of ecosystem dynamics because they offer a
more mechanistic understanding of ecosystems than stand-alone
patterns of species diversity (Lavorel and Garnier, 2002; Suding
et al., 2008). In particular, trait-based measures of ‘functional
diversity’ (Table 1) have recently become central to the discussion
of ecosystem resilience to disturbance (e.g., Peterson et al., 1998;
Van Ruijven and Berendse, 2010; Laliberté et al., 2010; Mouillot
et al., 2013). We discuss the theory and the evidence available to
test the contribution of functional diversity to resilience, and spe-
cifically, the potential for indices of functional diversity to act as
proxy measures of resilience.

Multi-trait indices of functional diversity are likely to be more
useful than approaches focused on individual traits for under-
standing resilience because such indices capture a more compre-
hensive picture of the complex ecological processes maintaining
ecosystem states. When examined individually, traits may only
provide information about a single ecosystem function, while com-
bined they provide information about ecological strategies that are
representative (or not) of particular ecosystem states. For example,
information on whether species fix nitrogen or not, how their seeds
are dispersed and how tall they grow, all contribute to ecological
understanding of an ecosystem (Weiher et al., 1999). Logically
too, these indices should be calculated using combinations of func-
tional traits that are relevant to the disturbance for which resil-
ience is being assessed. The literature on trait selection for the
study of thresholds and ecosystem recovery is reasonably well
developed for terrestrial plant communities (Lavorel and Garnier,
2002; Funk et al., 2008; Cadotte et al., 2011), but remains largely
unexplored for aquatic ecosystems and for animal communities
in general (but see D’agata et al., 2014).

Several multi-trait indices of functional diversity have emerged
recently (Mouillot et al., 2013). Two of these indices that have par-
ticular relevance as contributors to resilience are functional redun-
dancy and response diversity. Functional redundancy is measured
as the number of species contributing similarly to an ecosystem
function or functional group (Walker, 1992). Response diversity
is a measure of how functionally similar species respond differ-
ently to disturbance (Elmqvist et al., 2003). Field studies reveal
clear evidence for a loss of functional redundancy in degraded sys-
tems (Balvanera et al., 2006; Flynn et al., 2009; Laliberté et al.,
2010; Graham et al., 2013), which offers some support for the the-
ory that suggests functional redundancy contributes to resilience.
Tools for measuring functional redundancy are well developed
(Laliberté and Legendre, 2010; Laliberté et al., 2010) making it trac-
table to measure its contribution to resilience for a range of ecosys-
tems and types of disturbance. Response diversity has not received
as much attention as functional redundancy, perhaps in part
because it is difficult to measure (Mori et al., 2013). Modelling
time-series data of species abundances offers one approach to esti-
mating response diversity (Ives et al., 2003) and has been used to
estimate response diversity of herbivorous coral-reef fishes to
(unmeasured) environmental fluctuations (Thibaut et al., 2012).
Multivariate analyses offer another approach to estimating
response diversity. Laliberté et al. (2010) used a multivariate
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analysis of a global dataset of plant communities to first define
functional groups on the basis of effect traits, and then estimate
response diversity to increasing land-use intensity as the multivar-
iate within-group dispersion in response trait space. Using these
approaches to measure ecosystem states before and after distur-
bance will improve our mechanistic understanding of the link
between functional diversity and resilience.

4.2. Connectivity

Connectivity is the movement of matter and species in land-
scapes and is widely recognised for its contribution to resilience
(Nyström and Folke, 2001; Lundberg and Moberg, 2003; Heller
and Zavaleta, 2009). Broadly, connectivity is a function of the
amount, quality and spatial arrangement of habitat patches, and
the factors that influence the movement of species (and matter)
across landscapes (Hodgson et al., 2009). In modern, human-mod-
ified landscapes, connectivity is a particularly important consider-
ation for managing resilience to disturbance, and may contribute
most to resilience when patches are heterogeneous and therefore
respond differently to a disturbance (e.g., Adam et al., 2011). Gen-
erally, increasing the scale of landscape degradation increases the
probability that individual patches embedded in the landscape
matrix will remain in a degraded state, through reduced abiotic
and biotic connectivity among patches. For example, a recent
review of rangeland management in the United States and else-
where highlighted a preference among mammals and birds for
rangeland matrices with habitat heterogeneity, which means they
are unlikely to move through degraded, homogenous rangelands
(Fuhlendorf et al., 2012). In another example, mountain-ash euca-
lypt forests in eastern Australia tended not to recover from large-
scale fire disturbance in landscapes where logging had reduced
the cover of old-growth forest compared with its historical cover
(Lindenmayer et al., 2010). Similarly, the loss of connectivity to
source populations has been shown to contribute to the limited
return of native vegetation to old-fields around the world
(Cramer et al., 2008).

Conversely, landscapes that are less modified by human activity
are more likely to retain landscape heterogeneity and connectivity
among patches, which is likely to positively impact the resilience
of ecosystems to disturbance within such landscapes. For instance,
woodland ecosystems are more likely to recover after patch-level
disturbances such as mining compared with their recovery from
large-scale disturbances such as agriculture (McIntyre and Hobbs,
1999). In another example, the resilience of coral reefs in marine
reserves in eastern Australia was attributed to connectivity to both
mangroves that act as nurseries and foraging habitat for the her-
bivorous reef fish that prevent the switch to an algae-dominated
state and to coral reefs where fishing was excluded (Olds et al.,
2012). In this and other examples, it is not connectivity per se that
helps determine resilience but connectivity among patches which
are heterogeneous with respect to the prevailing management
regime or their responses to disturbance events (Adam et al.,
2011). More broadly, maintaining or increasing connectivity and
the availability of alternative environments (i.e., landscape hetero-
geneity) are often suggested as a means to maintain the resilience
of native ecosystems to climate change (Heller and Zavaleta, 2009;
McClanahan et al., 2012; Prober et al., 2012).

The movement of matter, rather than species, can influence the
resilience of ecosystems to disturbance too. Like species, the move-
ment of matter can be influenced by patch and landscape features.
For example, in a study of cloud formation, the authors found
fewer clouds tended to form over a modified agricultural landscape
compared with the adjacent landscape of intact native vegetation,
and attributed this result to the darker colour and increased rough-
ness of the native vegetation promoting the convective mixing nec-
essary for cloud formation (Lyons, 2002). The consequent
reduction in rainfall is likely to influence the ability of native veg-
etation in the modified landscape to recover from disturbances
such as fire and grazing (Prober and Smith, 2009). The movement
of water in rivers can similarly affect the resilience of river ecosys-
tems to disturbances such as floods and drought. Specifically, lat-
eral water flow, and extensive hydrologic connectivity between
the river and its floodplain groundwater system, creates the condi-
tions necessary for the development of refugia that are important
for the recovery of river ecosystems to disturbance (Sedell et al.,
1990). Dams that isolate a river from its watershed or the removal
of riparian vegetation can reduce the availability of refugia, and
consequently a first-step for management is to focus on the protec-
tion or creation of refugia, for example by re-instigating low rates
of water flow (Sedell et al., 1990; Lake, 2003). Taken together,
understanding the importance of biotic and abiotic connectivity
to resilience will help to inform management interventions.

4.3. Scale

As discussed above the temporal and spatial components of dis-
turbance are important for determining resilience. In both cases,
the scale of the disturbance across space and time is central to
these relationships. There are other ways, however, in which scale
might also contribute to resilience. For example, response diversity
is predicted to increase when a given function is fulfilled by species
operating at different scales because species’ perception of, and
responses to, their environment are scale dependent (Elmqvist
et al., 2003). In theory, response diversity can be estimated by
the mean number of scales at which functional groups are repre-
sented (averaged across all functional groups; Allen et al., 2005).
Fischer et al. (2007) used this measure to estimate response diver-
sity of forest and woodland bird communities in fragmented agri-
cultural landscapes and concluded that their ‘relative ecological
resilience’ was reduced due to the selective extinction of particular
body mass and functional groups. Thus, integrating scaling and
trait-based approaches might offer a means to predict resilience
(Allen et al., 2005; Kerkhoff and Enquist, 2007; Nash et al., 2014).

Ultimately, an approach that combines spatial and temporal scal-
ing with trait indices and measures of connectivity, may offer the
best way forward for predicting resilience. For example, an ecosys-
tem with high functional redundancy and extensive connectivity
across scales will be much more likely to be resilient to moderate
habitat degradation and fragmentation compared to an adjacent
ecosystem with low functional redundancy and limited connectivity
across scales. Though this example is a simplistic extreme, it illus-
trates that if used consistently, these combined data would vastly
improve our ability to predict resilience and so inform management.
Where possible, linking these data to known thresholds is likely to
provide the most information about resilience (Table 2).

The contribution of scale to resilience has important implica-
tions for management. While it is often possible to maintain or
restore a pre-disturbance state via local-scale interventions, man-
aging resilience becomes increasingly more difficult as the scale
of interventions required increases (Fig. 2). For example, local-scale
intervention to reduce heavy grazing, particularly during drought
conditions, can help prevent a shift from a grassland state to a
shrubland state in Chihuahuan semiarid grasslands (Bestelmeyer
et al., 2011). Additionally, reducing pollution and overfishing at a
local scale were suggested to be important factors contributing
to coral reef resilience following the recovery of an isolated reef
from a bleaching event (Gilmour et al., 2013). Sea level rises that
trigger switches from floodplain forests to marsh communities in
the coastal wetlands of the Gulf of Mexico (Shirley and Battaglia,
2006), however, are too large to manage with local or even regional
interventions. This does not, however, mean these systems are



Table 2
A synthetic overview of the application of the resilience concept to management. Suggestions for research are listed,
along with management options, both of which depend on the scale of disturbance and the availability of data to locate
the threshold. Linking known thresholds to proxies measures of resilience (i.e., indices of functional diversity), and
incorporating measures of connectivity and scale, will improve our ability to predict resilience to future disturbances of
the same type and may be of use for predicting resilience to novel disturbances of similar spatial and temporal scales.

Disturbances of 
increasing scale Threshold Research Management

Short-term
small-scale
e.g., fire

known
Study contribution of 
connectivity, functional 
diversity and scale

Local intervention
e.g., manage fire frequency, 
increase functional diversity

unknown Manipulative experiments to 
identify threshold

Short-term
large-scale
e.g., hurricane

known
Study contribution of 
connectivity, functional 
diversity and scale

Regional intervention
e.g., targeted species 
conservation, increase
connectivityunknown

Long-term
small-scale 
e.g., grazing

known
Study contribution of 
connectivity, functional 
diversity and scale

Local intervention e.g., manage 
grazing intensity

unknown Observational experiments 
to identify threshold

Long-term
large scale
e.g., climate 
change

known
Study contribution of 
connectivity, functional 
diversity and scale

Regional intervention
e.g., assisted migration, re-
assess goals

unknown
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beyond help. In cases of large-scale pulse and press disturbances
(like climate change) there is the potential to use novel approaches
to management that overcome issues of scale. For example,
assisted migration is a controversial management response to cli-
mate change (Hewitt et al., 2011) that is only just beginning to
be explored. More research is needed to appreciate whether or
not the novel ecosystem that results from assisted migration is
desirable both in the context of managing for resilience and more
generally, given the risk of an adverse outcome for the recipient
ecosystem.

5. Conclusion

The idea that ecosystems can return to a pre-disturbance state
after human-mediated disturbances, either with or without our
help, is a compelling one. Central to directing this process is the
concept of resilience. The resilience concept offers a means for
helping us to understand how ecosystems respond to disturbance
and therefore its intuitive appeal is well deserved. The primary
task ahead for ecologists is to improve our understanding of how
the concept can be applied to ecosystem management. We offer
these key insights for achieving this goal:

1. Thresholds are central to the measurement of resilience. Direct
experimental data on thresholds are too difficult to obtain in
most cases but observational data from ecosystems in different
states of degradation can be used effectively to direct manage-
ment decisions and priorities. In particular, these data may help
predict the response of ecosystems to future disturbance events
of a similar nature.

2. Distinguishing between helpful and unhelpful resilience can
clarify how the concept can contribute to management, and
specifically, whether or not management intervention is
required for the return of the pre-disturbance state.
3. Functional redundancy and response diversity show promise as
proxy measures of resilience. Critically, these properties are
amenable to management should further research confirm this
idea. For example, there is the potential to maximize both func-
tional redundancy and response diversity in rangelands by
maintaining assemblages of both rare and common species,
which contribute similarly to ecosystem productivity and have
a diversity of responses to grazing disturbance (Walker et al.,
1999).

4. Available evidence suggests connectivity and scale contribute
to resilience. Management should aim to improve connectivity
so that species can recolonize after disturbance, thus giving eco-
systems greater potential to recover from future disturbances.
Addressing scale in combination with functional diversity
might offer an effective approach to management, for example,
by restoring the size distribution of fauna in ecosystems to
increase resilience to future disturbances.

5. Approaches to management vary depending on the scale of dis-
turbance and the availability of data to determine the location
of thresholds. Ultimately, linking known thresholds to mea-
sures of functional diversity, connectivity and scale will
improve our ability to predict and to manage resilience
(Table 2).

Although we have focused primarily on ecosystems here, we
recognise the importance of the broader social-ecological sys-
tems approach to resilience as well. However, embedded in this
broader scheme must be a clear understanding of what resil-
ience means in an ecological context. Moving from abstraction
to action requires the measurement of resilience to match its
definition. Only then will we have a clear understanding of the
intervention required to manage ecosystems as they respond to
the variety of disturbances that characterise our rapidly changing
world.
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